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Accepted 4 May 2016Magnetic nanoparticles (MNPs) are increasingly being used as ‘magnetic labels’ in medical diagnostics. Practical
applications ofMNPs necessitate reducing their non-speciﬁc interactionswith sensor surfaces that result in noise
in measurements. Here we describe the design and implementation of a sensing platform that incorporates cir-
cular shaped current lines that reduce non-speciﬁc binding by enabling the “magnetic washing” of loosely at-
tached MNPs attached to the senor surface. Generating magnetic ﬁelds by passing electrical currents through
the circular shaped current lines enabled the capture and collection of ﬂuorescent MNPs that was more efﬁcient
and effective than straight current lines reported to-date. The use of ﬂuorescentMNPs allows their optical detec-
tion rather thanwith widely usedmagnetoresistive sensors. As a result our approach is not affected bymagnetic
noise due to the ﬂow of currents. Our design is expected to improve the speed, accuracy, and sensitivity of MNPs
based medical diagnostics.






Point of care testing1. Introduction
Magnetic nano-particles or magnetic beads show potential as bio-
markers for medical diagnostics resulting from their unique physical
properties that include high surface area to volume ratio, compatibility
with biological samples and ability to be manipulated by external mag-
netic ﬁelds [8,12,15]. These properties of micro and nanosizedmagnetic
particles have led to reports of lab on chip applications [14] with for ex-
ample, Burls et al. demonstrating the detection of the cardiac marker
Troponin I at sub-pico moles per liter concentrations with low cost dis-
posable cartridges and the importance of the dynamic control of nano-
particles by magnetic ﬁelds during detection [1].
However, biosensing platformsbased onmagnetic nanoparticles can
be adversely affected by sensor noise primarily from two primary
sources: First non-speciﬁc binding of magnetic nanoparticles to sensor
surfaces that produces erroneous excess signals, and secondly, detec-
tion techniques using magnetoresistive sensors such as giantion and Engineering, University
. This is an open access article undermagnetoresistance (GMR) sensors and Hall effect devices experience
sensor noise due to external magnetic ﬁelds applied to manipulate
nanoparticles [7].In this paper we report on the design and implemen-
tation of a sensing platform devised to resolve both of these issues by
minimizing the non-speciﬁc binding of nanoparticles to sensing areas
and optical detection of ﬂuorescent magnetic nanoparticles. Magnetic
nanoparticles can bemanipulatedwith permanentmagnets,micro-ma-
chinedmicromagnets, andmicrometer sized current carrying lines [10].
Current lines provide the most precise localized control of particles on
sensing surfaces and have been used to determine bonding forces be-
tween biotin & avidin [11]. Most of the current line patterns for biosens-
ing reported to date have implemented linear current lines with only a
few reports about circular lines [4,6]. Herewe experimentally show that
circular current lines are more efﬁcient at collecting magnetic particles
than linear current lines. This is supported by theoretical calculations
of the forces produced by the two which show that the circular lines
produce higher forces than the linear pattern and thus have a higher
capture cross section for attractingMNPs to the sensing area. This effect
is important for improving the speed and sensitivity of this sensing plat-
form. Furthermore, sensitivity is improved by detecting the light from
ﬂuorescent magnetic nanoparticles rather than GMR or other suchthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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previously mentioned. Based on our experimental results, we estimate
the theoretical limit of detection of our method to be 0.24 pg/mL
(1 pM) for 180 nm diameter ﬂuorescent nanoparticles functionalized
with biotin molecules.2. Design, methods and materials
2.1. Design of current lines
The key concept in our approach is tomanipulate magnetic particles
by magnetic forces generated by current lines. Various forces act on a
magnetic particle suspended in a liquid [16] such as the drag force due
to liquid, DLVO force and the force due to the applied magnetic ﬁeld
(magnetic force, Fmag). The magnetic force, Fmag due a magnetic ﬁeld B
!
is given by: Fmag ¼ Vχ2μ0 ∇ð B
!
∘ B
!Þwhere χ is themagnetic susceptibility of
themagnetic particle, V is its volume, and μ0 is the free space permeabil-
ity. We calculated themagnetic force produced by an ideal circular cur-
rent line by the Biot-Savart law and implemented on MATLAB
(Mathworks Inc., USA). Currents of the order of few tens ofmilliamperes
were used in the simulations in order to obtain design values of the cur-
rent lines that would avoid problems of heating and electromigration. A
more detailed analysis of other effects, such asDLVO forces,was not car-
ried out in this study.Fig. 1. Design of the sensor and simulation results. (a) Illustration of our sensor design. Design v
loop with inner radius R1= 10 μm, widthW1= 5 μm and z= 500 nm used for calculating the
loop. (d) Magnetic force on Dynabeads by circular loop. The yellow bar drawn along the axis r2.2. Fabrication of current lines
The current line design consists of two circular rings (Fig. 1(a))
which produce magnetic ﬁelds in their vicinity and gather and move
magnetic particles to the sensing surface located between the two
rings (green region). The following design parameters were used:
R1 = 10 μm, W1 = 5 μm, R2 = 20 μm & W2 = 10 μm as obtained
from the results of simulations (see Section 3.1). Thus, the sensing
area was about 400 μm2. The device was fabricated on a SiO2
(300 nm)/Si substrate by conventional photolithography followed by
deposition of Ti (100 nm) and Au (100 nm) ﬁlms and lift off to remove
the photoresist and metal ﬁlm. Electrical contacts were made with
conducting silver paste and copper tape. Finally, the device was sealed
by a polydimethylsiloxane (PDMS) structure to retain the sample solu-
tion near the sensing area.2.3. Particles
Two types of magnetic beads were used: Dynabeads M-270 carbox-
ylic acid (superparamagnetic, diameter 2.8 μm) and ﬂuorescent FG
beads (diameter 180 nm, Tamagawa Seiki, Japan). Fluorescent FG
beads consist of iron oxide particles embedded in a matrix of polyGMA
[9]. The beads emit red light when irradiated with UV light from an LED
due to europium complexes inside the beads. Since the europium com-
plexes are embedded inside the beads themselves, the FG beads do notalues are R1 = 10 μm,W1= 5 μm, R2 = 20 μm&W2= 10 μm. (b) Schematic of a current
results shown in (c) & (d). (c) Magnetic potential energy due to the current in the circular
epresents the cross section of the current line.
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commonplace in beads that incorporate ﬂuorescent labels on their sur-
faces [13]. The europium (Eu3+) complex is excited with ultraviolet
light that leads to emission at wavelengths of approximately 615 nm.
Thus, the absorption and emissionwavelengths of europium complexes
do not overlap with the absorption range of the ferrite nanoparticles
embedded inside the beads, which absorb at 400–600 nm[2]. This prop-
erty of the bead results in a high intensity of ﬂuorescence from the FG
beads and thereby enabling their detection beadswith a ﬂuorescentmi-
croscope. It is not possible to detect the presence of a small number of
dispersed FG beads with standard optical microscopy. The surfaces of
FG beads used in this study were functionalized with biotin.2.4. Surface functionalization
For the experiments with FG beads, the sensing surface was func-
tionalized with streptavidin. The sensing surface (substrate) was im-
mersed in 5% 3-Aminopropyl triethoxysilane (APTES) and baked at
120 °C for 10 min. The substrate was then treated with 100 mM
disuccinimidyl suberate (DSS) in dimethylformamide (DMF) solvent.
A 0.5 mg/mL solution of streptavidin (Thermo Fischer Scientiﬁc) in
25 mM HEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-
NaOHwas added to the solution containing the substrate andmixed. Fi-
nally, the substrate was treated with 1 M amino ethanol.
The FG beads were functionalized with biotin. The beads provided
by the manufacturer were functionalized with N-Hydroxysuccinimide
(NHS). The beads were washed in DMF and pentylamine-biotin
(250 nmol/mL) was added to the solution and mixed. A 1 M solution
of amino ethanol was used for masking the unreacted NHS groups on
the surface of the beads.2.5. Experiments
2.5.1. Veriﬁcation of magnetic washing using Dynabeads
We veriﬁed the effectiveness of our current line design using
Dynabeads that were easy to observe with amicroscope. A 1 μL solution
of beads suspended in de-ionised water (2 × 107 beads/mL) was
dropped onto the sensing area that had not been functionalized with
any form of biomolecules. A clockwise DC current of I1 = 10 mA was
passed through the smallest ring for 30 s. After 30 s, I1 was turned off
and a counter-clockwise current I2 = 20 mA was passed through the
larger ring and kept constant for 30 s. At the end of 30 s, I2 was switched
off and I1was turned on and kept for 30 s. A third ringwith radius 40 μm
and width 20 μm was fabricated on the sensing area. However, it was
not used during these experiments (Fig. 3)2.5.2. Detection of avidin-biotin bonding with FG beads
To test the performance of our sensing platform we studied the in-
teraction between biotinylated ﬂuorescent FG beads with streptavidin
functionalized sensing surface with a ﬂuorescence microscope where
1 μL solution of beads (1.8× 1010 beads/mL)wasdropped onto the sens-
ing surface. The current in the ﬁrst ring, I1 (applied clockwise) was in-
creased linearly with time from zero to 10 mA in 1 min, kept constant
for next 1 min and then switched off. After I1 was switched off, current
I2 (anti-clockwise) was passed in the second ring and increased linearly
from zero to 20mAover 1min and kept constant for 1min before being
switched off. Changing the direction of the current (and hence themag-
netic ﬁeld) from clockwise to anti-clockwise produces a torque on the
beads and in addition to the action of the magnetic force, attracts
beads towards the sensing area. The current proﬁle with time is
shown in Fig. 4(a). These experiments were also carried out using the
same procedure but for a sensing surface that was not functionalized
with streptavidin.3. Results
3.1. Simulation results
The results from simulations described in 2.1 show that signiﬁcant
forces are generated by the current lines for R1 = 10 μm and W1 =
5 μm. Fig. 1(b) is a schematic diagram of an ideal circular loop of radius
R1 = 10 μm and width W1 = 5 μm. A DC current I = 10 mA is applied.
The magnetic potential energy proﬁle and the resulting magnetic force
distribution were calculated at a height of 500 nm above the sensing
surface and the results are shown in Fig. 1(c) & 1(d) respectively. It
can be seen that the magnetic ﬁeld creates a potential well at the loca-
tion of the current line thereby attracting the magnetic particles to-
wards the current line. The attractive force was calculated for
Dynabeads and is of similarmagnitude as the reported dielectrophoretic
forces on particles of the same size [5]. A comparison of the forces gen-
erated by linear and circular current lines shows that the circular cur-
rent line produces higher magnetic forces than the linear current line
(Fig. S1) and thus has a higher capture cross section for attractingmag-
netic nanoparticles to the sensing area (Fig. 2). Hence, the circularly
shaped current lines are expected to capture more magnetic beads
than linear current lines under the same experimental conditions as
was found to be true experimentally.
3.2. Veriﬁcation of washing by Dynabeads
Fig. 3 (a–d) shows the results of the experiments with Dynabeads.
Fig. 3(a) shows the initial state of the beads on the sensing area. As I1
was applied, the beads gathered on the periphery of the current line
pattern (Fig. 3(b)) due to the attractive forces generated towards the
current line. As the current was switched to the second ring the beads
moved to the second ring from the ﬁrst ring (Fig. 3(c)). This motion
was reversible as the current I1 was switched on again (Fig. 3(d)). The
largest ring in Fig. 3 did not generate sufﬁcient magnetic force to attract
beads from any of the other inner lying rings and did not serve a useful
purpose. Fig. 3(e) compares the number of particles collected by the lin-
ear and circular lines. The linear conductors in the white box have the
same surface area as the circular region. The circular region contains
47 beads whereas the linear region (within the box) has only 15
beads. Thus, the circular current line collected at least three times
more beads than the linear current line. This is in part due to the fact
that since the currents in the two straight wires are in opposite direc-
tions, their magnetic ﬁelds cancel each other. This feature of circular
current lines will be used to improve the sensitivity of the protocol.
The ability to immobilize large concentrations of beads onto the sensing
area increases the probability of complimentary interactions between
the sensing surface andmagnetic particles and thus improves the signal
to noise ratio of the sensing method.
3.3. Detection of avidin-biotin bonding with FG beads
To detect FGbeads in this study,we usedﬂuorescence property rath-
er than standard optical detection because the size of FG beads is too
small for reliable detection of small number of dispersed FG beads by
optical microscopy. Under a standard microscope the beads appear
black and are not delineated from the dark blue color of the Si/SiO2 sub-
strate. However, the ﬂuorescence from the beads is red and intense, as
described in 2.3, thereby enabling observation of the FG beads by ﬂuo-
rescence microscopy. Experiments in which the sensor surface was
not functionalized by streptavidin showed that the FG beads could be
easily moved and ‘washed’ from the sensing area by applying currents
as shown in Fig. 4(a). Next, we carried out a series of experiments
where the sensing area was functionalized with streptavidin. Fig. 4(b)
shows the sensing surface before passing a current through the circular
current line. Initially, the sensing surface was largely depleted of mag-
netic beads. However, after switching the current on, the majority of
Fig. 2.Comparison of capture cross sections of linear and circular patterns (a) Schematic of simulation set up for the linear current line. Forces are calculated on a plane perpendicular to the
current ﬂow (b) log(force(pN)) proﬁle on the plane shown in (a). Thewhite boundary represents the contour of 0.1 pN force. Assuming that a threshold force of 0.1 pN is required tomove
the beads, the area within the boundary represents the capture cross section of the current line, which is 80 μm2 in this case (c) Schematic of simulation set up for circular current line.
Forces are calculated on a plane perpendicular to the current ﬂow (d) log(force(pN)) proﬁle on the plane shown in (c). The white boundary represents the contour of 0.1 pN force.
The capture cross section of the circular current line is 124 μm2, which is 50% more than that of linear current line. Thus, the circular current line is expected to manipulate a larger
number of magnetic particles for the same current.
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themagnetic beads on the sensing area could not be removed by further
application of currents in either of the rings, implying that the biotinFig. 3. Results of magnetic washing by circular current lines. The largest ring in the images was
passing I2=20mA for 30 s, (d) Switching I1 on again allows us to recollect the beads on the inne
have been drawn at the locations of beads as visual aid. The circular region collected 47 beadscoated FG beads were biologically bonded to the avidin probes on the
surface of the sensor. This demonstrates that the sensor successfully
immobilized biotin coated beads onto the sensing area, and non-not used in the experiment (a) Initial state (b) After passing I1 = 10mA for 30 s (c) After
r ring, and (e) Comparison of the beads collected by the linear and circular lines. Red circles
compared to only 15 beads by the linear region.
Fig. 4.Magnetic washing of 180 nm FG beads. The green boundaries indicate the sensing area (a) Current proﬁle on both rings with time. (b) The sensing area is largely empty before the
application of current (t b 0 in 4(a)) (c) Sensing area is found to be covered by beads after the application of current (t N 240 s in 4(a)). (d) Surface coverage proﬁle of the sensing area. The
pink region indicates the area where nanoparticles are present.
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in Fig. 4(c). In order to quantify the number of avidin-biotin pairs on
the sensing area,we developed amathematical imaging processing pro-
cedure to analyze the image of the sensing area. Our method classiﬁes
the sensing area into two regions depending on whether or not the re-
gion contains magnetic beads (details are given in Fig. S2). The results
(Fig. 4(d)) showed that about 68% of the sensing area was covered
with beads. Assuming one avidin-biotin reaction per bead, these results
indicate that about 1.4 × 104 avidin-biotin pairs were immobilized on
the sensing area. The sensitivity of this sensing method depends on
the resolution of the camera used for imaging. With our current set-
up we estimate a theoretical limit of detection of 0.24 pg/mL (1 pM)
for biotin. This compares quite favorably with other proposed mecha-
nisms, such as μ-NMR system with reported sensitivity of the order of
1 nM for biotin [3]. It should be noted that the μ-NMR system has
been successfully used in various clinical trials [7] and is now being
commercialized. Thus, the sensing method proposed in this study is
sensitive for practical medical diagnostics.
4. Discussion and conclusion
We proposed and demonstrated a biosensing platform utilizing
circular current lines fabricated on the sensing area and ﬂuorescent
magnetic nanoparticles as labels. The current line design provides excel-
lent control over the motion of magnetic beads over a small area. The
circular shape of the current lines enabled the manipulation of about
three times asmanymagnetic beads as linear current lines. The ﬂuores-
cence property of the FG beads enabled rapid detection using a readily
available microscope that is not affected by electrical noise generated
by magnetic ﬁelds used to manipulate magnetic particles. Our current
line design was used to detect FG beads that were bonded bystreptavidin-biotin interaction, where approximately 1.4 × 104
streptavidin-biotin bonds were detected within 4 min. This is fast com-
pared to conventional antibody-antigen based detection methods, such
as enzyme linked immunosorbent assay (ELISA) that take several hours.
Notably, optical detection opens up the possibility of integrating
our method with smartphones for imaging the sensing region and pro-
cessing the results. In our future work, we will explore these ideas to
create a rapid and sensitive smartphone based system for medical
diagnostics.
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